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INTRODUCTION
Solubilization of hydrophobic drugs with low aqueous solubility has been a major area of interest in recent years. Various solubilization techniques involve usage of cosolvents and surfactants along with pH adjustments. Applications of cyclodextrins (CDs) and microemulsions (MEs) have also drawn attention in the field of solubilization techniques. MEs are optically isotropic and thermodynamically stable systems of water, oil, surfactant, and cosurfactant and are known to enhance the bioavailability of drugs via topical and systemic routes. For instance, the ME formulations of cyclosporin, a highly lipophilic and poorly aqueoussoluble drug, have been shown to improve oral bioavailability and decrease absorption variation. 1, 2 MEs have been considered as topical, 3, 4 transdermal, 5 parenteral, 6 and vaginal 7 drug delivery systems based on their favorable solubilization and transport enhancement properties.
Recently, CDs have been used in various drug delivery systems. 1 CDs have been shown to improve the solubility, stability, 10 and bioavailability 11 of drugs. Two types of beta-hydroxy CDs-namely, Trappsol HPBCD (beta-hydroxypropyl-CD) and Captisol (sulfobutyl ether 4-beta-CD)-were examined in the current study. These 2 CDs were chosen because of their low systemic toxicity. 12 To date, few researchers have examined a combination of ME and CD systems. Dalmora and others 13 worked on a CD-based ME system to improve the delivery of piroxicam. But no attempt has been made to fully characterize the ME systems containing CDs. One of the aims of this current project was to study the effect of CDs on ME formation.
Previous studies have examined the effects of alkanols and surfactants on various ME systems. 15, 16 In this study, the effects of different alkanols and surfactants were examined in the phase behavior of isopropyl myristate-based (IPM-based) ME systems. Two hydrophobic model drugs (progesterone and indomethacin) known to form complexes with CDs were chosen. Progesterone is a neutral compound and known to form a 1:1 complex with beta-hydroxy-CD. Indomethacin is an acidic compound that also forms a 1:1 complex with beta-hydroxy-CD. 17 Recently, Trappsol and polyethylent glycol-400 (PEG-400) showed a synergistic effect on the solubilization of progesterone in an aqueous system. 18 Along the same lines, in this study the solubilization of model drugs in ME systems containing CDs was examined for synergistic effects.
MATERIALS AND METHODS

Materials
Progesterone, indomethacin, IPM, 1-propanol, 1-butanol, 1-pentanol, Tween 20, Tween 40, Tween 80, and Span 20 were purchased from Sigma Chemical Co (St Louis, MO). Ethanol was obtained from Quantum Chemical Co (Newark, NJ). Methanol and acetonitrile were obtained from J. T. Baker Chemical Co (South Plainfield, NJ). Trappsol was purchased from Cyclodextrin Technologies Development Inc (High Spring, FL). Captisol was purchased from Cydex Corp (Kansas City, KS). Soybean oil was obtained from a local vendor (Waldbaum). Water used in the study was deionized and distilled.
Preparation of the Phase Diagram and ME Formulations
IPM and 1-butanol were selected as an oil component and cosurfactant, respectively, in the ME systems. The surfactants (a 1:1 mixture of Tween 80 and Span 20) were prepared separately. IPM and 1-butanol were added to the surfactant mixture. The pseudoternary phase diagrams of oil, surfactant/cosurfactant, and water were set up using the water titration method. The mixture of oil and surfactant/cosurfactant at predetermined weight ratios was diluted with water by sequential addition of 10 µL of water using a micropipette. No heating was necessary during the preparation. However, the system was stirred using a magnetic stirrer to ensure a thorough mixing. After each mixing, the sample was allowed to settle and its physical condition (clarity and flowability) was reviewed. If required, the sample was sonicated for 1 to 2 minutes to remove air bubbles and to enable a better visual examination. Mixtures that did not show a change in the meniscus after tilting to an angle of 90º were considered to be gels. Samples were examined under a microscope, if necessary.
The mixture compositions at different points in the phase diagrams were defined by the following equation:
%A (Tween 80 + Span 20) + %B (1-butanol + oil) + %C (water) = 100 (1) To study the effect of CDs on the formation of ME, a 50% wt/vol aqueous solution of each type of CD was prepared. The densities of 50% wt/vol Captisol and 50% wt/vol Trappsol aqueous solutions were 1.13 g/cc and 1.16 g/cc, respectively. Because the solutions were denser than water pipettes used in the experimentation were calibrated with CD solutions. The ME region was determined in the same way as it was determined for the ME system without CD.
Effects of Alkanols and Surfactants on ME Formation
The effect of alkanol and surfactants on ME formation was evaluated by the maximum water-to-oil ratio (% wt/wt) to produce an ME. 19 To evaluate the effect of various alkanols (methanol, ethanol, isopropanol, isobutanol, and isopentanol), 0, 0.3, 0.6, and 0.9 g of each type of alkanol was mixed with the required amount of IPM to obtain a final weight of oil-alkanol mixture of 2.4 g. The amount of surfactant mixture added to the system was 6.0 g (Tween 80:Span 20, 8:1 ratio wt/wt). Water was titrated into the oilalkanol-surfactant mixture to form the ME. Titrations were continued until an ME was converted into a different heterogeneous system, namely, an emulsion, a gel, or 2 separate phases. The endpoint of ME formation was evaluated by physical examination.
A similar procedure was followed to evaluate the effects of Tween on the ME formation. Three different Tweens-Tween 20, Tween 40, and Tween 80-were used in the study. These Tweens are liquids at room temperature. Isobutanol was selected as the alkanol, and the ratio of oil to alkanol was 8:1. The Tween:Span 20 ratios used were 0:100, 20:80, 50:50, 80:20, and 100:0 wt/wt. The titration method and the endpoint evaluation remained the same as described previously. 
ME Formulations
Based on the experience in preparing phase diagrams and the effect of Tweens, 3 MEs were formulated ( Table 1) . ME A was water/oil type and contained 36.3% oil, 4.5% isobutanol, 18.2% water, and 41% surfactants (Tween 80:Span 20 1:1). ME B was oil/water type and contained 8.6% oil, 5.3% isobutanol, 51.6% water, and 34.5% surfactants (Tween 40 only). ME C was water/oil type and contained 36.3% oil, 4.5% isobutanol, 18.3% water, and 40.9% surfactants (Tween 40:Span 20 3:1). All formulations could hold 3% to 6% CD. CD-based MEs were prepared by adding a known amount of CD (either Captisol or Trappsol) in the predetermined volume of a particular ME. The system was stirred at a high rate until it formed an optically isotropic system. By dissolving all the CD in the ME system, it was possible to revert to an optically isotropic single-phase system. The physical stability of MEs, CD-containing MEs, and drug-incorporating MEs was observed for the clarity at room temperature for up to 1 month.
Solubility Determinations
Progesterone and indomethacin were added in excess to various solvents. The solubilities were measured in IPM, Tween 80, Tween 40, Span 20, isobutanol, and 3% and 6% Captisol and Trappsol aqueous solutions and water. Samples were shaken at 25 ± 2ºC for 24 hours and filtered through a 0.45-µm filter. Prior to the solubility study, it was concluded that the 0.45-µm filter did not adsorb/absorb the model drugs. The drug concentrations in the filtered systems were determined using high-performance liquid chromatography (HPLC) after appropriate dilutions with methanol.
The solubility values of progesterone and indomethacin in selected ME formulations ( Table 1) were determined by adding excess amounts of drugs to MEs.
After 24 hours of shaking, the mixtures were filtered, diluted suitably, and analyzed by HPLC.
Analytical Methods
An HPLC system equipped with a 600E multisolvent delivery system, a 717 Plus autoinjector, a 486-UV detector (Waters Corporation, Milford, MA), and a Turbo chrome data management system (Perkin Elmer, Shelton, Connecticut) was used to analyze progesterone and indomethacin. A reversed-phase C18 column (10 cm ´ 4.6 mm, 5 µm) was used at room temperature. For progesterone assay, the mobile phase was 50% acetonitrile/50% 0.5% acetic acid (vol/vol) at a flow rate of 1.2 mL/min and a detection wavelength of 254 nm. For indomethacin, the mobile phase remained the same as stated above but the flow rate was 1.5 mL/min with a detection wavelength of 240 nm. Under these analytical conditions, the detection limits for progesterone and indomethacin were found to be approximately 50 ng/mL.
RESULTS AND DISCUSSION
Phase Behavior
The pseudoternary phase diagrams of the different ME systems are shown in Figures 1 and 2 . Isobutanol concentration was kept constant with respect to the oil phase (8:1) to facilitate the construction of the phase diagram. The translucent and low-viscosity area is presented in the phase diagrams as an ME area. No distinct conversion from water/oil to oil/water ME systems was observed. Therefore, this single isotropic region was considered a bicontinuous ME. The emulsion region is an area in which a milky white heterogeneous system is formed. The gel area indicates the clear and high-viscosity region. The remainder of the phase diagram represents the turbid region, repre- sented as 2 phases and conventional emulsions based on visual identification. Figure 1 shows the phase diagram of the IPM Tween 80:Span 20 pseudoternary system. The ME formation was favorable at high surfactant concentrations. At higher oil concentration, the system tended to separate into 2 phases.
The influence of CD on the ME isotropic region can be observed in Figure 2 . The ME area decreased from about 30% in the blank ME to about 23% in the ME containing Captisol. These numbers were calculated manually by finding out the number of small triangles covered by the ME area in the phase diagram compared to the total number of small triangles in the phase diagram. On the other hand, Trappsol did not hamper the formation of ME (30% to 29%), but the shape of the ME region changed significantly. The results indicated that the formation of ME could be influenced negatively by the presence of ionic CD. Captisol has a high affinity for water, which might have affected the ME formation. The ME formation region improved at a 40% to 60% water level in the Trappsol system. The exact reason for this is not known at this time. The higher surface activity of Trappsol compared to Captisol may have played a role. Overall, from Figure 2 , it was clear that ME could be formed in the presence of CDs, but the type of CD could alter the ME region either positively or negatively.
Effects of Alkanols on IPM ME Formation
Alkanols are known to improve ME formation. Lowmolecular weight alkanols affect the interfacial energy by interaction with surfactant monolayers. The lipophilic character of the nonaqueous phase would be changed by the distribution of alkanol in both aqueous and oil phases. 16 The effect of 5 different alkanols on the phase behavior was measured by the amount of water that could be incorporated into the ME per gram of oil (Figure 3) . The effect of alkanol added in the ME was examined at the concentrations of 0% to 10.7%. Methanol and ethanol showed no effect or very little effect. Alkanols with higher carbon numbers (isopropanol to isopentanol) facilitated the ME formation. For each alkanol, higher percentages allowed greater incorporation of water to form the MEs. Overall, the ME formation was satisfactory with the addition of 1-butanol or 1-pentanol.
Effects of Surfactants on ME Formation
Spans/Tweens were used in the preparation of MEs. Out of various types of Tweens (Tween 20, 40, 60, 80, and 85), only 3 (20, 40, and 80) were selected in the present study; these were liquid at room temperature. Tweens 20, 40, and 80 are chemically known as polysorbate monolaurate, polysorbate monopalmitate, and polysorbate monooleate, respectively. Span 20 was selected as a secondary surfactant. The maximum water-to-oil ratio that could be achieved to form the ME was employed to evaluate the effects of surfactant (Figure 4) . The number of carbons present in the fatty acid side chain of the surfactant had no direct correlation with ME formation. For example, polysorbate monopalmitate (Tween 40), which has a C16 carbon chain, showed better ME formation capacity than polysorbate monooleate (Tween 80, C 18 ) or polysorbate monolaurate (Tween 20, C 12 ). Interestingly, 2 surfactants showed similar behavior at the 100% level. As Tween was mixed with various amounts of Span, the effects varied. For Tween 80, as the percentage of Span was increased from 0% to 50% the ME formation increased linearly but later the formation reduced. Overall, there was no direct correlation between different Tween types/concentrations and ME formation.
Solubility of Model Drugs in Pure Vehicles
The solubilities of the 2 model drugs, progesterone and indomethacin, were evaluated in various pure vehicles and aqueous CD solutions ( Table 2) . Water solubility values of progesterone and indomethacin were 7 and 35 µg/mL, respectively. The solubility of progesterone in nonaqueous systems improved significantly. The solubility of progesterone in IPM, Tween 80, Tween 40, isobutanol, and Span 20 was 17, 11.9, 20.7, 35.6, and 4.0 mg/mL, respectively. Indomethacin also showed marked improvement in solubility in the nonaqueous systems. The solubility of indomethacin in IPM, Tween 80, Tween 40, isobutanol, and Span 20 was 1.7, 25.9, 25.5, 9.6, and 2.6 mg/mL, respectively. Addition of 2 types of CDsCaptisol and Trappsol-to water improved the aqueous solubility values of both the model drugs. In the case of progesterone, by the addition of 3% and 6% Captisol, the solubility values increased to 1.6 and 5.0 mg/mL, respectively. The addition of 3% and 6% Trappsol increased the solubility of progesterone to 1.1 and 1.3 mg/mL, respectively. Indomethacin aqueous solubility values improved with the addition of 3% and 6% Captisol and Trappsol, but not as significantly as observed in the cases of progesterone.
Solubility of Model Drugs in MEs
Three ME formulations were selected to examine the influence of CDs on the solubility of the 2 model drugs ( Table 1) . Figures 5 and 6 depict the solubility of progesterone and indomethacin, respectively, in various systems. In ME A, the solubility value of progesterone was 23.1 mg/mL. Addition of 3% Captisol and 3% Trappsol decreased the solubility to 21.5 and 21.1 mg/mL, respectively. For indomethacin, the solubility in ME A was 15.1 mg/mL. Addition of 3%
Captisol and 3% Trappsol decreased the solubility to 12.2 and 14.3 mg/mL, respectively. Addition of 3% Captisol and 3% Trappsol had no significant effect on the solubility of progesterone in ME A. But in the case of indomethacin, an addition of 3% Captisol significantly reduced the solubility of the drug in ME A (P = .0091). Addition of Trappsol did not significantly alter the solubility of indomethacin in the same ME system. The addition of 6% Captisol and 6% Trappsol did not have any positive synergistic effect on the solubility values of the model drugs.
The solubility value of progesterone was 8.5 mg/mL in ME B. Addition of 3% Captisol and 3% Trappsol resulted in solubility values of 9.1 and 6.2 mg/mL, respectively. When the concentrations of Captisol and Trappsol were increased, the solubility values increased slightly. The solubility of indomethacin in ME B was 9.7 mg/mL. Addition of 3% Captisol and 3% Trappsol decreased the solubility to 9.2 and 8.4 mg/mL, respectively.
In ME C, the solubility value of progesterone was 20.4 mg/mL. Addition of 3% Captisol and 3% Trappsol decreased the solubility to 19.4 and 17.8 mg/mL, respectively. For indomethacin, solubility in ME C was 16.7 mg/mL. Addition of 3% Captisol and 3% Trappsol decreased the solubility to 15.9 and 15.8 mg/mL, respectively.
The low solubility of the 2 model drugs in ME B can be attributed to that formulation's higher water content. Also, MEs A and C had a combination of surfactants, which could have played a role. The difference in the effect of Captisol on the solubility of the 2 model drugs in the same MEs may be due to the ionic nature of indomethacin and Captisol. The neutral molecules may form a complex with Trappsol better than with an ionic CD. 18 Overall, CDs failed to produce any significant additive or synergistic effects to improve the solubility of model drugs in the ME systems tested. However, it must be kept in mind that the properties of drug molecules may influence the solubilization potential of the ME and CD systems. Also, CDs may help to stabilize the drug molecules in the ME systems. In a previous study [18] , Trappsol and PEG-400 were observed to have a synergistic effect on the solubilization of progesterone in an aqueous system. However, addition of Tween 80 to the system hampered the synergistic effect. ME formulations in this study had large amounts of Tweens, and the lack of improvement of solubility with CD and ME systems is consistent with the previous data.
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CONCLUSION
The ME system comprising IPM, Tween 80, Span 20, isobutanol, and water showed a high solubilization capacity for 2 model drugs, progesterone and indomethacin. The addition of CDs in general affected the ME formation negatively and did not improve the solubility of hydrophobic drugs in the ME systems tested.
